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Abstract The recent increase in load demand has subjected the existing power network to voltage stability issues, which
can subsequently result into overall system blackout when strategic measures are not adopted to maintain the power system
stability. The purpose of this study is to analyse and resolve voltage stability related issues in the power system using UPFC.
The study was conducted by modelling IEEE 14 bus test systems in MATLAB/Simulink environment and subjecting the
systems to sudden load change. Fast voltage stability index was used as indicator for placing the UPFC at the exact locations
in the test systems. The simulation results revealed that the test systems operated out of the set voltage stability limit when
subjected to the contingency cases. Successive increment of the heavy connected loads subjected the test systems to severe
voltage collapse and could not accommodate the anticipated 200% individual load increment. However, the integration of the
UPFC at the exact locations in the test systems maintained the connected bus voltages within stability limit.
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1. Introduction

The recent increase in load demand as a result of the
increment in population, industrialisation and continuous
advancement of modern life has subjected the existing power
network to undesirable threats such as voltage and frequency
instability, transmission line overload, loss of synchronism
and system voltages collapse which can subsequently lead to
overall system blackout. This can tremendously decline the
economic growth of several nations since electrical energy
is the backbone of every country’s economy. Recently,
the generation and transmission capacity of electrical
energy has not been proportionally increased to meet global
energy demand. Even with the need to increase the capacity
of generation and transmission through power lines,
factors such as deregulated electricity market, inadequate
energy resources, time, environmental constraints and
start-up capital needed for the construction of new power
transmission networks has prompted power system planning
engineers, to look for new alternatives to intensify the
performance of the existing power system [1].

The recent advancement of power electronics technology
has led to the implementation of Flexible Alternating Current
Transmission System (FACTS) devices, used in power
system with the main objective of increasing power transfer
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capacity and respond instantaneously to power system
stability issues [2,3]. To optimally and effectively improve
power system stability issues in the power network using
FACTS devices, it is desirable to identify the weakest bus in
the system experiencing voltage instability for the required
compensating device to be placed [4]. As such, some authors
have employed several algorithms to optimally allocate
FACTS devices in the transmission and distribution network
for power system stability enhancement. H. Jmii et al in [5]
used a load incremental method to identify the weakest
bus that might be experiencing voltage collapse. This served
as an indicator for the optimal allocation of UPFC for the
improvement of voltage stability issues in IEEE-14 bus
system.

In [6], Self-Adaptive Firefly Algorithm (SAFA) was used
to determine the optimum location for the placement of
multi-type FACTS devices in the power network. This paper
developed methodologies for placing appropriate FACTS
devices at the best feasible locations with optimal parameter
setting, with the view of minimizing real power losses,
improving voltage profile and enhancing voltage stability.

Particle Swarm Optimization (PSO) algorithm has been
successfully implemented in [7] for optimal placement of
UPFC in the power network. This technology has been
utilized in this paper to reduce total operating costs such as
active power loss, production costs and UPFC investment
costs.

In [8], fuzzy logic technique was used to locate UPFC in
IEEE 14 bus test system to address voltage instability issues.
Voltage profile, percentage loading and load index were
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considered as fuzzy input. The fuzzy output placement index
was considered listing the ranking of transmission lines for
UPFC placement.

Sensitivity and stability indices has been used to
Optimally allocate TCSC in IEEE-14 bus test system for
voltage profile enhancement and power loss reduction in
[9]. The weakest bus in the system was determined by
calculating the line voltage stability and sensitivity indexes.

In [10], FVSI and Lmn were implemented to access the
voltage stability of a typical IEEE-14 and 30 bus test system
by raising the reactive power of selected buses until they
reach a state of instability.

Deterministic Artificial intelligence based control scheme
as seen in [13] was employed to control the voltage of DC
motors. Although this technique is faster for voltage losses
control, it is quite computational intensity.

The aim of this work is to optically allocate UPFC in IEEE
14 bus test system for addressing power system voltage
stability related issues using Fast Voltage Stability Index
(FVSI).

2. Problem Formulation

To optimally and effectively improve voltage stability
issues in the power system using FACTS devices, it is
desirable to identify the weakest bus in the system for the
required compensating device to be placed. This helps to
address issues related to voltage instability by providing
support to the weakest bus instantly. The fast voltage
stability index used in this work has been implemented in
[11] and [12]. The line current flowing from the sending end
to the receiving end bus is represented in Equations (1) and
(2) respectively:
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Equating (1) and (2) and rearranging the equations yield
the power flow at the receiving end S; as (3):

Pr _jQr =

receiving end bus by solving (4) as evaluated in (5):

where R is the line resistance and X is the line reactance.
To obtain the real root of V, from (5), the determinant must
be set to be greater or equal to ‘0’ to fulfil the stability
criterion as shown in (6):
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The angle difference is normally small and can be
neglected, therefore Rsing~0 and Xcosd=X , by
substitution (6) reduces to (7) as the FVSI.
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where X and Z are line reactance and impedance, Vs is
sending end voltage and Qq is reactive power at receiving end.
The point at which FVSI close to unity indicates the specific
line is closed to its instability point which leads to voltage
collapse in the whole system. This index helps to examine
the weakest bus having the smallest maximum acceptable
load [12].

()

3. Test System and Simulation

The standard IEEE 14 bus system shown in Fig. 1
was considered and modelled in MATLAB/Simulink
environment. The transmission line parameters given in per
unit were converted into actual values to permit the system to
be modelled in MATLAB/ Simulink environment. the half
charging susceptance from line 8 to line 20 were considered
as ideal, which restricted the associated transmission line
length, the positive and zero sequence capacitance to be zero.
In a real word power system network, it is obvious that the
transmission line length between buses can never be zero. As
such, a factor of (0.00005pu) was considered as line charging
susceptance from line 8 to line 20 in order not to restrict the
associated line length and capacitance to zero. The connected
loads, generators, condensers and transformers ratings
are presented in Table 1. The loads are named based on the
busses they are connected to.

Table 1. Load, generator and transformer rating of IEEE 14-bus test
2 system
— Ve |7 £=60+|Vs |*|V, | £(6-6)
(3) Bus Bus Voltage Generation Teansformer Toad
|z] # Magmituds | Phase | FReal | Reactive Rating Real | Reactive
&) Angle | Power Power kV Power Powver
From (3), V., can be deduced from the reactive power at the oWy | MVAr MW | (VAR
1 1 0 27387 | -19.86 | 146287230 | 0 0
2 1.025 0 90 52272 | 144.21/230 [ 26.04 [ 1524
R R2 3 1 0 0 50.028 | 139.38/230 [ 113.04 [ 228
: 4 1 0 0 0 3736 [ -4.68
IV, |2—|vs|*|vr|[Ysm5+c035}+{7+x}q=0(4) e o R
6 1 0 0 2526 [ 14766/230 [ 1344 [ 9
V. = 7 1 0 0 0 0 0
r- 8 1 0 0 3014 [ 150427230 [ 0 0
R R 2 R2 9 1 0 0 0 35.4 19.92
[—sin5+cosé}|vS | £ ([—sin5+cos§}|vs |) -4 —+ X |Q 10 |1 0 0 0 10.8 6.96
X X X 1 |1 0 0 0 4.2 2.16
> 12 |1 0 0 0 7.32 1.62
13 |1 0 0 0 162 | 696
®) 4 |1 0 0 1788 | 6
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Figure 1. |EEE 14 Bus Test System

The flow chart depicted clearly in Figure 2 shows the
procedures followed to successfully achieve the aims and
objectives of this study. The IEEE 14 bus test system was
modelled in MATLAB/Simulink environment. Newton
Raphson load flow analysis was conducted on the test
system to examine the system's parameters in normal
operating conditions. Successive load incremental method
was considered as contingency in this work. The connected
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loads to the system were increased individually in steps of
20-200% until any of the connected bus voltage deviate from
the set voltage stability limit (V<0.9pu). The percentage load
increment which deviated the bus voltages from the stability
limit was noted and the individual bus voltage profiles
were recorded. The bus voltages were compared with the
pre-set voltage stability limit to verify whether the voltage
profiles are within the set range. In conditions where any bus
voltage falls out of the voltage stability limit, FVSI analysis
is conducted on every connected line, using the system
parameters extracted from the load flow studies. The optimal
location for UPFC placement in the test systems was
identified based on the highest index predicted by the FVSI.
Simulation of the test system was conducted in two cases:

Case I: Normal and contingency mode of operation

Case Il: Compensation with UPFC mode.

Case I: Normal and contingency mode of operation

In case I, the test system was simulated through load flow
studies to analyse the conditions of the systems in normal
operation mode. Also, the test system was subjected to the
successive load increment of the individual connected loads.
In every contingency, load flow analysis was conducted to
analyse its impact on the systems voltage profile.

Case Il: Compensation with UPFC mode.

In case Il, the simulation was conducted with UPFC
connection to the weakest line in test system, being subjected
to the various contingencies. The exact location of the UPFC
was determined using FVSI.

Model the IEEE 14 Bus test
system in Simulink

v

Subject test system to

Increase
contingency

~4-NO

Connect UPFC at
weakest line

A

Identify weakest line
based on largest
index

A
YES

Check if any line

Figure 2.

successive load increment

Perform power flow

analysis

Implement FVSI

Check if bus

voltages are within

Flow chart of the proposed system

level until line index is >1 analysis
index is >1 0.9pu<v<l.1p
Record
simulation |- _Stop tl_1e l«—YES
; simulation
results
End
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4. Result and Discussion

The simulation results are presented to evaluate the
impacts of the proposed contingency case and the UPFC on
the test system.

Case I: Figure 3 below shows the result for case 1. The
connected loads were increased individually in steps of 20%
until a bus voltage falls out of the voltage stability limit.
The test system could not accommodate the anticipated
200% load increment. The subsequent increment of most of
the heavy connected loads subjected the system to severe
voltage collapse. Load 2, Load 6, Load 10, Load 13 and
Load 14 are light loads; hence the test system was able
to accommodate the respective 200% load increment.
Conversely, Load 3, Load 4, and Load 9 made the test system
to undergo severe voltage collapse upon further load
increment of 60%, 140%, and 120% accordingly. It is seen in
Figure 3 that; the respective percentage load increment of the
individual connected loads made the bus voltage profiles to
fall below (0.9pu).

Although all the connected buses in the system except
Bus 1 had their respective voltage profiles dropped below the
stability limit, the severity level of Bus 4, Bus 14 and Bus 3
are the greatest. Bus 1 did not experience any voltage
stability issues as it is a PV bus. The severity level of the
40% increment of Load 3 is the greatest at all buses since it is

the heaviest load among all the connected loads in the test
system.

Case II: The simulation results for case 2 are presented
in Table 2 and Figure 4. The optimal allocation of the UPFC
in the IEEE 14 bus test system, being subjected to the
proposed contingency cases is predicted by the FVSI.
The computation of the FVSI is implemented on all the
connected lines in the test system. The FVSI analysis results
for the successive load increment in all the connected lines
are reported systematically in Table 2. It is seen from the
highlighted brownish coloration that, except for the 40%
increment of Load 3 where the highest index was identified
in line 2_3, the remaining individual load increments had
their highest index in line 3_4. This is an indication that line
3 4 and line 2_3 are the required locations for UPFC
placement in the test system. The highest line index
predicted by the FVSI analysis gives indications about the
weakest lines in the test system. The UPFC was connected in
the weakest lines to improve the system voltage profile as
shown in Figure 4. The UPFC was connected in Line 3_4 and
line 2_3 and the successive loads were increased at the
required percentages. The implementation of the UPFC in
the test system improved the voltage profiles of the system
buses. The UPFC injected approximately 45 MVA to
enhance the system voltage stability.

Table 2. Result for weakest line identification using FVSI

Line 140%_of 40%_of 80%_of 140%_of 60%_of 160%_of 140%_of 120%_of
Load 2 Load 3 Load_4 Load_6 Load 9 Load 10 Load 13 Load 14
Linel 2 1.671 1.493 1.399 1.368 1.376 1.357 0.687 0.680
Linel 5 0.362 0.388 0.363 0.356 0.358 0.353 0.357 0.353
Line2_3 1.893 3.184 2.696 1.323 1.859 1.831 1.856 1.834
Line2 4 1.334 1.438 2.389 1.302 1.311 1.290 1.308 1.293
Line2 5 0.533 0.575 0.531 0.520 0.524 0.516 0.523 0.517
Line3 4 1.931 2.301 3.506 1.913 1.928 1.889 1.923 1.892
Line4 5 0.309 0.345 0.566 0.310 0.313 0.306 0.312 0.306
Line4 7 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Line4 9 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000
Line5 6 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Line6_11 0.075 0.084 0.076 0.078 0.078 0.076 0.078 0.076
Line 6_12 0.087 0.098 0.088 0.090 0.090 0.088 0.090 0.088
Line 6 13 0.178 0.201 0.182 0.185 0.186 0.181 0.445 0.181
Line7_8 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Line7_9 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
line9 10 0.064 0.072 0.065 0.066 0.067 0.168 0.066 0.064
Line9 14 0.273 0.309 0.279 0.283 0.286 0.278 0.283 0.609
Linel0_11 0.058 0.065 0.059 0.060 0.060 0.059 0.060 0.058
Linel2_13 0.359 0.405 0.366 0.372 0.374 0.365 0.373 0.363
Linel3 14 0.385 0.435 0.393 0.400 0.402 0.392 0.401 0.858
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Impact of load increment on IEEE 14 bus test system
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5. Conclusions

The aim of this study was to optimally allocate UPFC in
IEEE 14 bus test systems for voltage stability improvement.
The UPFC placement in the test system was predicted using
FVSI as indicator. With regards to the test systems in normal
operating conditions, the individual bus voltages were found
to be kept within the pre-set voltage stability limit (0.9pu <
V < 1.1pu) as expected. The test systems delivered the
required power to the loads and the individual bus voltages
were within the stability limit. Concerning the test systems
being subjected to the successive load increment, the voltage
magnitudes of most of the connected buses were below
the voltage stability limit (0.9pu) . The test systems
experienced a substantial voltage collapse upon subsequent
increment of the heavy connected loads. The FVSI analysis
identified line 2_3 and line 3_4 as the optimal location for
UPFC placement in the test system. Based on the results
obtained, placement of the UPFC in the weakest lines aided

Buses

B0% of W140% of WMG0% of M160% OFf W 140%of m120% of
Load4

load & load9 load 10 load13 loadl4

Impact of UPFC on IEEE 14 bus test system

the test systems voltage stability improvement. This was
achieved by the UPFC providing the required supportive
power to compensate for the voltage deficiencies. The UPFC
supported the test systems with approximately 45 MVA to
enhance the system's voltage stability.
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